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ABSTRACT
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//&'7?

The techniques which may be evolved from the basic laws of thermal
scale modeling for spacecraft are described. All but two of these tech-
niques can be rejected at once, since they require conditions which are
very difficult to fulfill in practice. A comparison is drawn between the
two remaining techniques, the technique of preserving temperature
from prototype to model and of preserving materials from prototype to
model. Tt is found that, for steady state conditions, the technique of
preserving temperature has inherent advantages over that of preserving
materials, but that when transient conditions are to be modeled much

of this advantage is lost.

AJtHek

1. INTRODUCTION

The physical size of spacecraft is steadily increasing
and is likely to increase further as larger boosters become
available. This leads to a demand for an increase in the
size of thermal test facilities. The prime cost for such
facilities, including some form of solar simulation, will be
considerably greater than for those presently in use. The
difficulty and cost of operation will also be much greater.
The type of solar simulation in the test chamber is of
extreme importance, since the surface coatings are very
sensitive to the spectrum of the light striking the surface.
At present, the simulation system which apparently gives
the best approximation to the Johnson curve for the spec-
tral energy distribution of sunlight in space is given by
carbon arcs with rare earth cores in the rods (Ref. 1).
Such systems, however, are now limited to areas of good
collimation of about three feet in diameter.

For these reasons it appears that thermal scale model-
ing will be an attractive technique when it can be devel-
oped into a working method. The use of reduced scale

models will extend the useful life of test chambers already
built, and will also enable the testing of still smaller scale
models in conditions closely approximating actual sun-
light if they can be reduced to less than three feet in
diameter.

The basic laws of thermal scale modeling are well es-
tablished, but experimental difficulties exist in their
practical implementation. The purpose of this Report is
to examine how the basic laws should be applied and
what inherent advantages exist with any particular
modeling basis. It will be shown that the steady state
conditions (existing in interplanetary flight) have to be
considered separately from the transient conditions
(present during planetary encounter or midcourse ma-
neuvers). There appears to exist a clear cut case for
using a technique which preserves temperature from
model to prototype in the steady state condition. The
choice of the technique to be used in the transient case
is not so clear, but certain recommendations are made.
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ll. DIMENSIONLESS GROUPS

The basic dimensionless groups for thermal scale
modeling in a high vacuum, where the only heat transfer
mechanisms are conduction and radiation, may be de-
rived either from the differential equations or from con-
sideration of the physical parameters involved. They
have been stated by Clark (Ref. 2), Clark and Laband
(Ref. 3) and Katz (Ref. 4), and may be conveniently
written in the form used by the present author (Ref. 5)
as follows:

emoly L _ e,0T, L,

= , (1

Cm Lm CP LIJ
= 2
km kﬁ ( )
(Pcp) m Lfn _ (PCIJ) b L; 3)

km Tm - kl’ p (

Gm —_ _ 9
Lm km Tm P kP TP (4)
q:; Lm -— q:)’ LD (5)

kn T k. T,
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kn T, — kT,

Qgm Sm Lm QXgp Sﬂ Lp
N S % (7)
Qijm Lm (b}'im = Qijp LP (I)J'iﬂ
km Tm kll TIJ (8)
Where
Fjie; oT? A
&, = —Jb i 9
, - ©
2

and

_ 1 f f cos ¢; cos ¢; dA; dA; (10
Fji i T 2 '
; ‘1,' Ai,v 7T

according to Jakob (Ref. 6).

Equation (1), which may be considered an analog of
the Biot modulus, may be used to relate the tempera-
tures, surface emissivities, and thermal conductivities to
the scaling ratio, L,/L, or R. Similarly, Eq. (2) relates
the joint conductances to the thermal conductivities and
R. Equation (3), which is the Fourier modulus, can be
used to relate the time to the thermal diffusivities and
R. Equations (4), (5), and (6) can relate the net heat
input, the heat flux, and the heat generated per unit
volume to temperatures, thermal conductivities, and R.
Finally, Eqgs. (7) and (8) can be used to relate the heat
flux absorbed at a surface from outside sources and that
absorbed from other portions of the spacecraft to tem-
peratures, thermal conductivities, and R. From this set
of equations the basic modeling laws must now be
deduced.

At first sight it would appear that within the restric-
tions imposed by the groupings above, a complete free-
dom of choice should exist in deciding the modeling
laws to be followed. Katz (Ref. 4) briefly mentions some
of the problems associated with two techniques, but
makes no attempt to recommend either, while Clark
(Ref. 2) and Clark and Laband (Ref. 3) consider only
one method of attack on the problem. It is felt that these
papers present only a limited discussion of the problems
associated with thermal scale modeling. In the present
Report, a more complete discussion is presented, together
with recommendations on various modeling techniques.



JPL TECHNICAL MEMORANDIUM NO. 33-153

lll. TECHNIQUES AVAILABLE

Many modeling techniques in other areas use distorted
scaling systems in which the scale ratio in one direction
differs from that used in the other two. This is opposed
to a geometric scale modeling system where dimensions
along all three axes are reduced by the same factor. How-
ever, in all problems involving thermal radiation, it is
immediately apparent that geometric scaling is vital to
success since if this rule is not followed, the thermal
radiation configuration factor, F;;, from surface i to sur-
face j will vary from model to prototype. While these
factors can be evaluated with reasonable accuracy for
simple shapes, it is extremely difficult even to estimate
their values for the complex shapes involved with space-
craft. When the conditions of multiple reflectances and
the variation of emissivity with direction from the normal
are considered, the problem becomes impossible unless
the geometry is preserved. Under these circumstances it
is felt that geometric scaling of all radiating surfaces is
essential to success.

The two most attractive techniques at first glance are:
(1) setting the temperatures of the model and prototype
the same and, (2) using the same materials for both the
model and the prototype. With both of these techniques
the surface emissivity would be identical for model and
prototype. This comparison has been summarized by the
author (Ref. 5) and the results are shown in Table 1.

An initial comparison may be drawn between the two
techniques. Examination of Egs. (5a), (7a), and (8a)
shows that technique 1 involves preserving the heat flux
from model to prototype. This, together with the fact
that the thermal gradient is greater in the model due to
the temperature preservation and the reduced geometric
scale, accounts for Eq. (1a). This in turn indicates that
lower conductivity materials must be used for the model.
If the exact scale size is fixed by the test chamber and
the prototype sizes, the thermal conductivities of all por-
tions of the model are determined from the ratio and the

thermal conductivities of the prototype materials. It is
more likely, however, that the exact scale will be decided
from the ratio of the thermal conductivity of the material
occurring most often in the prototype to that of the most
convenient modeling material which will give approxi-
mately the desired scale. This will then determine the
exact conductivity ratio to be used in choosing all the
other modeling materials. Katzoff (Ref. 7) suggested one
method in which it is possible to produce any required
thermal conductivity by cutting grooves or slots in the
material (though extreme care must be taken to avoid
affecting the surface properties of the material). Another
method is to choose a modeling material with a thermal
conductivity below that called for in the model, and then
plate the surface with copper or silver. A very thin coat,
a few ten-thousandths of an inch thick, will considerably
modify the effective thermal conductivity without seri-
ously affecting the geometric shape, and also without
introducing any major modification of the surface geom-
etry. A final plate or coat of paint will provide the correct
surface properties. Both of these methods may lead to
considerable technical problems. It appears, therefore,
that the material used most commonly in the prototype
should be modeled with an available material rather than
a manufactured one. The combination of flux preserva-
tion and temperature preservation accounts for Eq. (2a),
which indicates that the thermal contact conductance or
joint conductance must be preserved from model to
prototype.

Examination of Eq. (5b) shows that in technique 2 the
heat flux, and, as a consequence, the temperature gra-
dients within the structure vary as (1/R)*/3. This means
that both the heat fluxes and the temperature gradients
increase rapidly as the model size is reduced. Equation
(1b) shows that the absolute temperatures within the
model vary as (1/R)"?, and will increase also as the
model size is reduced. Equation (2b) indicates that the
joint conductances vary as (1/R), and must therefore in-
crease as the size of the model is reduced.
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Table 1. Comparison of controlling equations for model and prototype

Technique 1 Technique 2

Temperature and surface Materials and surface

emissivities the same in emissivities the same in

model and prototype. model and prototype.
k L Tw —
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e =) =(x)"
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IV. STEADY STATE

A. Technique 1 (Temperature Preservation)

This first technique has an immediate advantage, since
the critical item in spacecraft temperature control is the
actual temperature involved. The maximum or minimum
temperature to which a component is exposed is the most
important criterion in deciding its performance and life
so far as pure thermal behavior is concerned.

Certain inherent experimental difficulties exist with
this technique, most of them associated with the variation
of thermal properties with temperature. The values of the
conductivity ratio between model and prototype for cer-
tain materials modeling other materials are shown in
Fig. 1, over the temperature range 32°F to 572°F. In the
range 32°F to 200°F, the normal range of temperatures
for the major electronic components, fuels and batteries
in spacecraft, the variation in the conductivity ratios for
aluminum modeling copper is about 4%; for nickel mod-
eling aluminum, about 7%; and for nickel modeling
copper, about 26. While these materials are not repre-
sentative of those normally used in spacecraft, the actual
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Fig. 1. Effect of temperature on thermal conductivity
ratio. Values taken from McAdams (Ref. 8)

values of their thermal conductivity and the variation of
their thermal conductivity with temperature cover the
range of values which exists for actual spacecraft mate-
rials. It should be noted, further, that the upper curve
will give about 1/2 scale modeling at 70°F, the middle
curve will give about 1/3 scale, and the lower curve
about 1/6 scale.

The variation in Fig. 1 shows that neither the set of
Egs. (la) through (8a) nor the set of Egs. (1) through
(8) will actually hold, since the assumption of constant
thermal properties with temperature is inherent to their
derivation. It will be shown later, however, that this
variation is not serious and the effect on model tempera-
tures is small in the range of temperatures normally en-
countered in spacecraft.

The effect of the variation of thermal properties will
be ignored and Eqgs. (7a) and (8a) will be considered.
Taking Eq. (8a), if temperature is preserved from model
to prototype, emissivity is preserved, and geometric
scaling is used, then it is possible to write Fjim = Fjip
and ®j;,, = @;;,. This means that a;jm = aijp, OF both the
long wave length absorptivity and the emissivity are
preserved from model to prototype. Equation (7a) must
be treated for two separate cases; first, where true solar
simulation is available and second, the case obtained in
practice with all chambers, where either the solar inten-
sity or the solar spectrum or both of these are not avail-
able in the chamber. For the first case Eq. (7a) reduces
to asm = as, that is, the complete surface properties are
preserved from model to prototype. For the second case,
Eq. (7a) indicates that awm/as;, = Sa/S,, that is, that the
short wavelength absorptivities must be scaled in relation
to the change in light intensity and wavelength/energy
distribution. At the same time, the long wavelength ab-
sorptivity and the emissivity must be preserved from
model to prototype.

Since the spectral distribution of monochromatic emis-
sive power for ideal radiators is a direct function of the
temperature of the source, it is possible that the condi-
tions imposed by the equation relating the short wave
length absorptivities can be satisfied. The maximum in
the curve for sunlight occurs at a wavelength of about
0.5,, while that for a black body below 1000°F lies
beyond 3.5, If one had available a solar simulation
source for a test chamber behaving approximately like
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a black body above 10,000°F, then the peak will lie at
about 1u. Under these circumstances, it seems that suit-
able surface coatings can be found to satisfy the model
requirements, i.e., identical long wavelength absorptivi-
ties and emissivities in model and prototype with scaled
short wavelength absorptivities.

This point was not considered by Clark and Laband
(Ref. 3), since they assumed the use of a source whose
spectrum closely approximates that of the Sun. They
assume, in effect, that they have true solar simulation,
and can therefore use emissivities and absorptivities
throughout their model which are identical to those of
their prototype. However, when other sources are con-
sidered, the spectral behavior of these lamps is suffi-
ciently different from that of the Sun that the scaling
of the absorptivities can no longer be ignored unless
the surfaces of the prototype approximate grey body
behavior.

B. Technique 2 (Materials Preservation)

As already pointed out with the modeling technique
involved in using the same materials for model and pro-
totype, the absolute temperatures in the model will be
equal to the product of the absolute temperatures of the
prototype for the corresponding point and the inverse of
the scale ratio raised to the one third power according
to Eq. (1b). This means that a reduced scale model will
have temperatures that are higher than those of the
prototype.

From Eq. (1b) it can be calculated that the model
temperatures corresponding to 70°F in the prototype for
scales of 1/2, 1/4, 1/6, 1/8 and 1/10 are respectively,
207°F, 382°F, 503°F, 600°F and 682°F, These values,
together with the ratios of the thermal conductivity at
the corresponding temperature to the thermal conduc-
tivity at 70°F are shown in Fig. 2. When these results
are considered, it is immediately obvious that the ther-
mal conductivity is not constant for the material, and
that for aluminum and nickel the error increases rapidly
as the model decreases in physical size. At 1/10 scale,
this error is approximately 209% and 12% respectively.
This means that, as with technique 1, neither the special
Egs. (1b) through (8b) nor the general Eqs. (1) through
(8) will apply. The corresponding temperatures and the
errors in thermal conductivity ratio assuming that the
thermal conductivity is constant are shown in Table 2.
It will be noted that the percentage error for aluminum
in the prototype is —0.2 at 32°F and 1.2 at 200°F, giv-
ing a range of percentage error of 1.4, while the range
for a 1/10 scale model of aluminum for the correspond-

ing temperatures is from 14.8 to 33.5, or a range of error
of 18.7. On the other hand, for a copper prototype and
model, the range decreases from 5.8 in the prototype to
1.9 in the 1/10 scale model and for nickel from 5.3 in
the prototype to 3.4 in the model. The percentage error
is based on the thermal conductivity at 70°F for the
prototype and for the model on the thermal conductivity
at the model temperature equivalent to 70°F in the pro-
totype. It will be demonstrated later that the effect of
this variation of thermal conductivity is far more serious
with this technique than it was with technique 1.
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Fig. 2. Thermal conductivity ratios for aluminum,
copper, and nickel

Even if the change of properties with temperature is
neglected, which may be legitimate for the half scale
model where the errors in assuming k,, = k, are small
(Table 2), the use of Egs. (7b) and (8h) present diffi-
culties. When the values of @;; from Eq. (9) are substi-
tuted in Eq. (8b) this reduces, as with technique 1, to
aijn/aij; = 1. However, from Eq. (7b), with true solar
simulation, the short wavelength absorptivity must be

scaled according to
Dem _ Ln 4/3
Aep Lm

This means that the emissivity and the low temperature
absorptivity must be preserved from model to prototype,

(11)
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V. OTHER TECHNIQUES

Considering the number of basic parameters and equa-
tions which are available, it seems that there should be
many modeling techniques that could be used. However,
more detailed analysis reveals that this is not so.

If the surface treatment is assumed constant, i.e., if
the emissivities and absorptivities are retained (technique
3), then for true solar simulation this reduces to tech-
nique 1. Without true solar simulation the equations
become Egs. (1c) through (8¢c), Table 3. This is poten-
tially a useful system, since if S,,/S, is less than 1, which
can always be arranged, then T, is less than T, This
would have many advantages over technique 2 where
T, was greater than T, with many inherent experimental
problems.

Table 3. Technique 3. Surface treatment same for
model and prototype

Tm Sm 1/4

== (s) 0o
Cm Sm 3/4

5 = () @

(pCs) L S 3/4
7 — m m _P—
Tp ((PCP) )( Lp ) ( Sm ) (30)
P
mo__ L, \? Sm

= () ) (e
9% _ S

= (59

p

U _ h) (im_)

q ;l’ - ( Lm Sp (60)
km Lm Sﬂl 3/4
= (@) (7
T S, \

~’1T = (S_) (SC)T

4
tNote that Egs. (1) and (8) yield Egs. (1c) and {8¢) which are identical.

The following systems will not be listed as techniques
since a single group eliminates them from practical use
in each case.

A. System 1

If the absorptivities as well as the materials are fixed,
it is possible to obtain the following relationship for the
emissivities:

(12)

e (LY
+ = (2)

This result cannot possibly be satisfied since, for exam-
ple, the emissivity of a 1/10 scale model would have to
be 10,000 times that of the prototype. In practice, the
emissivity range of the present spacecraft is from 0.04 to
003, so that any factor increasing or decreasing this
range will either lead to a demand for materials with
emissivities above unity, which is impossible theoretic-
ally, or with emissivities below _the lowest available,
which might be possible to meet in principle but cannot
be attained in practice. '

B. System 2

If the variation of the surface emissivity of future
spacecraft should happen to be reduced so that the high-
est emissivity used is less than 0.5, then it would be
possible to set an upper limit for the emissivity ratio of 2.
If this is then assumed, together with the preservation of
materials and absorptivities, then true solar simulation
canmot be used and the required values for the solar
simulation are given by:

Sm - 1 _P_P_) 4/3
S, 1.26 ( L.

For a 1/10 scale model this gives a simulated intensity
of over 17 times that of the Sun, which is excessively
large, and a value for the vicinity of Venus of about 30
times that due to the Sun in the vicinity of the Earth, In
general, it appears that any attempt to modify the emis-
sivity of the model is unlikely to succeed.

(13)
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Table 2. Temperatures and errors in thermal conductivity ratio

Temperature, °F

% error in k: based on (k‘,)::

“(kp)m = thermal conductivity of prototype material at J0°F

Lower Upper Al Cu Ni Al Cu Ni

Prototype 32°F 200°F —-0.2 4.0 1.6 1.2 —1.8 -3.7
Model temperature Model temperature
Temperature in model Temperature in model equivalent to equivalent to
Scale equivalent to 32°F equivalent to 200°F 32°F 200°F
prototype prototype

Al Cu Ni Al Cu Ni
1/2 160 372 0.7 -13 —2.6 5.6 —3.3 —6.5
1/4 321 588 3.8 —3.0 -57 14.1 —4,8 —9.8
1/6 434 739 7.2 —3.8 ~7.4 22.6 —52 -11.0
1/8 524 860 11.0 —4.2 —-8.8 28.2 —59 —123
1/10 600 962 14.8 —4.8 —10.0 33.5 -8.7 —13.4

*k, = thermal conductivity of prototype or model material at temperature, °F

while the high temperature absorptivity must be scaled.
This is the same problem as that encountered with
technique 1 without true solar simulation. If, on the other
hand, true solar simulation is not available, then Eq. (7b)
must be used, with the correct values of S,/S,. Again,
the same situation arises, The high temperature absorp-
tivity must be scaled (though differently than for the case
of true solar simulation), while the low temperature
absorptivity and the emissivity must be retained. Regard-
less of whether or not true solar simulation is available,
an extensive search must be made for surfaces with the
correct properties.

In summary, technique 1 involves a search for mate-
rials for the model which have the correct thermal con-
ductivities, or the manufacture of materials with such
conductivities, but the temperatures of the model the

same as those of the prototype. If true solar simulation
is available, the complete surface treatment of the model
will be identical to that of the prototype; if solar simula-
tion which does not correspond to the solar spectrum
either in intensity or in spectral energy distribution or
both is the only type available, then the short wave length
absorptivities of the model must be scaled from those of
the prototype. In technique 2 the identical materials are
used in model and prototype, but the temperatures of
the model are scaled from those of the prototype. In the
case of small-scale models, this leads to a considerable
increase in temperature for the model. The short wave
length absorptivities of the model must be scaled from
those of the prototype regardless of whether or not true
solar simulation is available. Under all circumstances, for
both techniques, the emissivities and long wave length
absorptivities of the model and prototype are identical.



C. System 3

If the emissivity and q are preserved, then:

T’"l L”l l/.‘
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This system appears to have no advantages over tech-
niques 1 and 2; the temperature is not preserved, the

JPL TECHNICAL MEMORANDIUM NO. 33-153

thermal conductivity is scaled more radically than for
technique 1, and the short wavelength absorptivity is
not preserved even if good solar simulation is available.

From the above discussion, it appears that only three
techniques are feasible, 1, 2 and 3. Technique 3 neither
preserves temperature from prototype to model (though
with suitable choice of simulation intensity, the small
scale model can run at temperatures lower than the
prototype), nor does it preserve materials from prototype
to model. Technique 3 is only an individual system when
true solar simulation is not available — otherwise it is
identical to technique 1. Techniques 1 and 2 will now
be examined in greater detail.
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V1. COMPARISON OF TECHNIQUES 1 AND 2

There exists one basic requirement in thermal scale
modeling which must be met as closely as possible. The
model must predict the temperature of the prototype
throughout. This means that the model must predict the
heat flux through any particular part of the prototype.

In order to assess the two techniques, three simple
mathematical models were analyzed, the prototype ver-
sion of which is shown in Fig. 3. This prototype was
chosen as the simplest geometry which would approxi-
mate a spacecraft-type temperature control problem. It
consists of a source of energy and two heat paths of dif-
ferent thermal conductivity leading from the heat source
to separate radiating surfaces operating at different tem-
peratures. The temperatures in the system were fixed by
the heat flow distribution and the radiating characteris-
tics of the surfaces. Technique 1 was then used to design
two models at 1/10 scale, the assumed behavior of the
thermal conductivity with temperature being different in
the two cases. Technique 2 was used to design a third
model at 1/10 scale. By using the results from the tech-
nique 2 model to forecast the prototype temperatures,
the results from all three models could be compared.

The radiating surfaces at the ends of the prototype are
not shown in Fig. 3, but they are assumed to be 16 ft?
and 20 ft* in area, with emissivities of 1.0 and 0.943 re-
spectively. All three dimensional effects caused by the
radiating surfaces are ignored since they are merely con-
sidered a convenient rejecting device. The high input
power of 1,000w was used deliberately to show the
effects that might appear. This power was assumed to be
delivered at a plane source of zero thickness situated at

the boundary between the aluminum portion, or leg, of
the model on the right and the cast iron leg of the model
on the left. All other external surfaces were considered
adiabatic. The cross sectional areas of the legs were
one ft2,

While the materials chosen are not representative of
those used in spacecraft, the thermal conductivity of
aluminum is as high as, or higher than, any normal space-
craft material with the exception of the copper used in
the cabling. The thermal conductivity of cast iron is com-
parable to that of the lowest thermal conductivity metal
used on spacecraft. In addition, the thermal conductivity
of aluminum increases with increase in temperature
(positive slope), while the thermal conductivity of cast
iron decreases (negative slope), so that both the condi-
tions of thermal conductivity range and of thermal con-
ductivity behavior are fulfilled here.

No particular significance should be attached to the
radiating areas or their assumed emissivities. The 16
square-foot area will dissipate 65% of the input power
with an emissivity of unity at about 70°F. The 20 square
feet was chosen simply as the nearest round number
which will dissipate with an emissivity less than unity
the remaining power, at the temperature fixed by that
of the right hand end of the model, and the remaining
conditions specified for the model. The exact value of
the emissivity was calculated for the temperature and
dissipation involved for the chosen area.

No materials exist with exactly the right values ot
thermal conductivity for 1/10 scale modeling of either

INSULATED PLANE HEAT
SURFACES SOQURCE, INSULATED
A—' e 1,000 w SURFACES
TC RADIATING i / TO RADIATING
SURFACE SURFACE
20 f!% — | | Z : ] | 5 16 ft
- e ——e —_——— €=1.0
€=0.943 - ,,‘J )
// //
] 2 3 4 a5 5 3 7 8 STATION NUMBERS
CAST IRON ALUMINUM

Fig. 3. Prototype
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aluminum or cast iron by technique 1. Materials were
assumed with the correct values of thermal conductivity,
but varying with temperature twice as rapidly as do
actual materials. In addition, for the first technique 1
model, it was assumed that the slopes of thermal con-
ductivity were the reverse of those of the prototype, i.e.,
the material modeling the aluminum had a negative
slope, while that for cast iron a positive slope. This
means that the conditions assumed were worse than the
worst attainable in practice. For the second model using
technique 1 the slopes of thermal conductivity for the
model were assumed to be the same as those of the cor-
responding prototype materials. For technique 2 the
actual values of the thermal conductivity at the tempera-
tures involved were used.

The results of the calculations are shown in Fig. 4 for
the prototype, the technique 1 models, and for the tech-
nique 2 model. The actual technique 2 model would run
at temperatures considerably above those of the proto-
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Fig. 4. Comparison of temperature and material
preservation techniques
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type, however these are converted back into the corre-
sponding figures which the model forecasts for the
prototype, and it is these latter figures which are plotted
in Fig. 4. The results for the second technique 1 model
were indistinguishable from the prototype on this scale.

The errors involved in the two techniques can be cal-
culated from Fig. 4 for the first model using technique 1
and the model using technique 2. The maximum errors
in the absolute temperatures are 0.3% and 1.7%. While
both of these are small, the difference between them is
significant considering that each is inherent to its tech-
nique and will be compounded in the actual experi-
mental work. Since all heat from a spacecraft must be
dissipated finally by radiation, it is also significant to
examine the error involved in T* if these stations were
radiating instead of adiabatic. In this case the error for
technique 1 is less than 1.5% while that for technique 2
is nearly 79%. For the second model using technique 1
the corresponding errors in temperature and radiant flux
are 0.19 and 0.4%.

A final comparison may be drawn between the flux
distributions in the left and right legs of the prototype
and models. The actual ratio (right leg flux/left leg flux)
is 1.857 for the prototype, 1.849 for the first technique 1
model, 1.860 for the second technique 1 model, and 2.049
for the technique 2 model. This means that the inherent
errors in the flux distributions in these models are 0.43%
and 0.16% for technique 1 and 10.349% for technique 2.

Considering the variety of materials already used in
spacecraft, and the probability that materials with even
wider ranges of behavior will be used in the future (in
spacecraft where the temperature ranges are consider-
ably larger), it was felt that the results obtained above
might not be representative of certain future problems.
For this reason, and in order to assess the effects of large
differences in the variation of thermal conductivity with
temperature, the following more extreme example was
taken.

The prototype shown in Fig. 3 was assumed to be
made of two materials different from those used in the
earlier models, with the radiating surfaces on one square
foot, the thermal conductivity of one varying with tem-
perature from 1.0 to 0.97 and the other from 0.5 to 0.47,
in a temperature range of 180°F (i.e., the thermal con-
ductivities fell in this range by 3% and 6% respectively).
The models, 1/4 scale, were assumed to be made of
materials whose thermal conductivities varied in the
same temperature range from 025 to 0.22 and 0.125 to

11
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0.095 respectively. None of the values for the thermal 500
conductivity have counterparts in practice, though the
variation of 3% in 180°F is representative of the be-

havior of many materials. These variations were assumed, PROTOTYPE: [LEFT 6%

for the fxrst_ model, to have the same slope as the proto- o SXQ?:K\E'EON E‘gg 23:1"//:—SL0PE REVERSE SIGN
type materials and for the second model to have the 420 © £ VARIAT!ON[RIGHTIZ%—SLOPE REVERSE SIGN
reverse slope, all thermal conductivities being in w/(ft)® —_——— 'k/‘:/ ASRF':%-E: {LEFT 24%-SLOPE SAME SIGN
°F/ft. These models differ from those described earlier. ION1RIGHT [2%~SLOPE SAME SIGN
They were set up to amplify the effects of variable 380
thermal conductivity far beyond that attained in practice
in order to determine trends rather than to establish the
behavior of actual materials. The results for the models
are demonstrated in Fig. 5 with 10-w input to the proto-
type. It should be borne in mind that the results shown
here are deliberately forced, the temperature drops in
the two legs of each model are considerably larger than
for Fig. 4, and the variation in thermal conductivity
assumed for the various materials over the temperature
range is very much larger than that encountered with
real materials except for the right leg of the prototype.
These results should not be compared with those ob-
tained for the preservation of materials earlier, since if
materials with property values varying like that of the
prototype postulated here were used, the errors would
be very much greater than those shown in Fig. 4, It does
appear, however, that where the thermal conductivity
may be expected to vary widely with temperature, such
as that of nickel, a reverse sign slope is to be preferred
over a slope of the same sign, since the maximum error
and the mean error are considerably less under these Fig. 5. Temperature distributions of prototype and
circumstances. models, amplified effects
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VII. TRANSIENT CONDITIONS (COMPARISON OF TECHNIQUES)

Most of the life of a spacecraft is spent in interplan-
etary coast during which steady state heat-transfer con-
ditions apply, or at most the extremely slow transients
over periods of many days due to changes in the local
value of the solar constant. However, certain transients
of extreme importance do occur. They include the initial
stabilization to interplanetary conditions after launch,
the perturbations due to both the energy release and the
change of attitude during any midcourse maneuvers
which may be carried out, and the transient conditions
imposed by planetary encounter. For Earth satellites or
planetary orbiter vehicles the transient condition is pre-
dominant. For these reasons it is necessary to examine
the laws of scale modeling for transient conditions.

If Eq. (3) is rewritten to give the time scale, it is found
that the scale is dependent upon the square of the scaling
ratio and the inverse of the diffusivity ratio of the model
and prototype.

Tmoo (L) i (17)
Tp (2473 Lp
For the case in which the variation of materials prop-
erties with temperature is ignored, the controlling di-

mensionless group may be derived for technique 1 from
Eq. (3a) and for technique 2 from Eq. (3b).

The behaviors of the thermal diffusivity with tem-
perature for copper, aluminum, and nickel are shown in
Fig. 6. The specific behavior of these three materials
should be noted, since they are representative of space-
craft materials in general. First, the diffusivity of copper
decreases by about 15% in the temperature range
shown; second, the diffusivity of aluminum decreases by
about 69 in the first 300°F of the range, and then in-
creases again reaching a value at 750°F which is about
1.5% above that of the value at 0°F; third, the diffusiv-
ity of nickel decreases by about 429 in the temperature
range shown. These three different behaviors will be
shown to have a profound effect on the modeling of
transient phenomena.

The diffusivity ratios of these materials are shown in
Fig. 7 over the range from 32°F to 572°F. Examination
of Figs. 6 and 7 in conjunction with Eq. (17) shows that
the assumptions inherent to the derivation of Egs. (3a)
and (3b) are in error, so that only the effect of the results
in Eq. (17) will be considered here.
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Fig. 6. The effect of temperature on the diffusivity of
aluminum, copper, and nickel
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temperature for aluminum, copper, and nickel

Equation (17) shows that if the temperature varies
from one portion of the model to another at any instant
of time, and hence the thermal diffusivity ratio varies
from point to point, then the time scale at that instant
will vary from point to point in the model. In addition,
during a transient, the time scale at any particular point
is a function of the temperature, i.e., the time scale at
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any given point will vary with the temperature-time
history.

The effect of temperature on the time scale is shown
in Table 4. The results for technique 1 are shown in
Table 4a, the model scale being fixed by Eq. (1a) from
the thermal conductivity ratio for the model and proto-
type at 70°F. The percentage variation over the tem-
perature range in the scaled time is shown in Table 4c. It
should be noted that the time scale variation for alumi-
num modeling copper is extremely small, but that for
aluminum modeling nickel or nickel modeling copper is
of the order of 10¢%.

The results for technique 2 are shown in Table 4b, and
the percentage variation over the temperature range is
shown in Table 4¢. Here it is necessary to determine both
the scaled time and the percent variation for each of the
three materials to be preserved for each scale. This is
because the temperature range in the model is a function
of the scale ratio, Eq. (1b), and this determines the dif-
fusivity ratio. The actual time scale is then a function of
the particular diffusivity ratio and the square of the
scale ratio according to Eq. (17).

Table 4¢ may now be used to compare the two tech-
niques. For modeling at approximately half scale, tech-
nique 1 has a definite advantage if the behavior of the
materials in question resembles that of copper and nickel.
At about 1/3 scale the errors inherent with technique 1
have increased by nearly an order of magnitude, while
for technique 2 they are about the same for copper and
nickel and have increased by a factor of five for alumi-
num. This means that, if the prototype and model mate-
rials behave like copper or aluminum, there is a definite
advantage at this scale in using technique 2. Finally, for
about 1/6 scale, technique 1 appears to offer about the
same accuracy as technique 2 using materials behaving
like copper and aluminum, but has definite advantages
over technique 2 using materials behaving like nickel.

One further comparison may be drawn between the
two techniques. From Table 4a it can be seen that the
time scale for technique 1 lies between 1/2 and 1/6,
while from Table 4b the time scales for technique 2 lie
between 1/4 and 1/60. This will lead to some degree of
flexibility in modeling, since for the modeling of such
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Table 4. Comparison of time scales for
Techniques 1 and 2

a. Technique 1

Minutes in model
equivalent to 1 hr
Prototype Model Scale in profotype
at 32°F at 200°F
Copper Aluminum 0.5280 2215 21.80
Aluminum Nickel 0.3013 28.65 31.25
Copper Nickel 0.1559 10.05 10.80

b. Technique 2

Minutes in model equivalent fo 1 hr in prototype

Prototype

and At temperature At temperature

mode! equivalent to 32°F equivalent to 200°F

in protetype in prototype

Scale 0.5280 | 0.3013 | 0.1559 | 0.5280 | 0.3013 | 0.1559
Copper 16.23 5.13 1.33 15.51 4.90 1.25
Aluminum 16,23 | 523 1.42 16.13 | 538 1.52
Nickel 15.12 | 432 1.04 | 126 7 0.85

<. Percent variation in model time scale from lowest model
temperature to highest model temperature

Technique 2
Scale Technique 1
Copper Aluminum Nickel
0.5280 1.6 4.4 0.6 16.7
0.3013 9.1 4.5 2.9 14.1
0.1559 7.1 8.0 7.1 18.3

slow transients as the time taken to reach stable condi-
tions in interplanetary space the time scale 1/60 may
reduce the test time to reasonable proportions; for such
rapid transients as those involved in a midcourse ma-
neuver it will be desirable to use a time scale at least as
large as 1/2.
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VIII. CONCLUSIONS

While many modeling laws can be postulated from the
dimensionless groups controlling conductive and radiative
heat transfer occurring together, the actual behavior of
materials and surfaces appears to prevent the use of all
but two sets of these laws. Technique 1, in which the
model is so designed as to have the same temperatures
as the prototype, and technique 2, in which the model is
designed with the same materials as the prototype.

When these two techniques are compared for steady
state problems, technique 1 appears to have many advan-
tages, whether true solar simulation is available in the
test chamber or not. First, the inherent errors of tech-
nique 1 are considerably less than those encountered in
technique 2, and are actually of the same order as the
standard experimental errors of heat transfer. Second, if
good solar simulation is available, technique 1 also in-
volves using identical surface treatments on the model
and prototype, which is considerably simpler than the
absorptivity scaling called for by technique 2. Third,
contact resistance, which will probably have to be simu-
lated for some years to come, is preserved in technique
1; it has to be decreased as the model size decreases with
technique 2. Fourth, it is probably more convenient to
use a model in which the temperature is the same as that
of the prototype, as in technique 1, than to use a model
in which the temperature of the prototype must be cal-
culated from the experimental results of the model, as in
technique 2.

The problems associated with the modeling of the
steady state will increase as the temperature range within
a given spacecraft increases. Obviously it will be more
difficult to model the solar cell array together with the
rest of the spacecraft than to model either of these alone,
and the introduction of nuclear reactors in spacecraft will
compound the problems of modeling. However, increased
temperature ranges within spacecraft will still give rise
to fewer problems with technique 1 than with tech-
nique 2.

Technique 1 will lead to some difficulties in locating
materials with the correct thermal conductivities, since
each material in the spacecraft prototype will call for a
specific thermal conductivity in the corresponding mate-
rial of the model. Two approaches may be used here;
first, where radiant heat exchange is insignificant and
therefore the radiation configuration factor need not be
preserved, the cross sectional areas of the heat conduct-

ing members may be modified rather than scaled exactly;
second, where radiation is significant and the configura-
tion factors must be preserved, the effective thermal
conductivity of the path must be modified without
affecting the geometric scaling. The various techniques
that could be used to manufacture materials with the
required thermal conductivity have been discussed.

The time scale variations within the model for tran-
sient phenomena will cause considerable difficulties, and
a compromise between the relatively inaccurate tem-
perature readings and relatively inaccurate time predic-
tions must be sought for individual cases. Technique 1
has no overall advantage, though it appears that it will
be more useful in the modeling of rapid transients. Tech-
nique 2 will be more useful in the prediction of extremely
slow transients and the transition to equilibrium after
Jaunch. In general the relative behavior of the thermal
diffusivities of the materials used will have to be care-
fully assessed for either technique. However, the tran-
sient case will be inherently more difficult to model than
the steady state and since the transient times are modeled
differently for different temperatures and time intervals,
there will always exist errors in heat fluxes throughout
the model which will then feed back causing increasing
errors in the temperatures.

A contract from the Jet Propulsion Laboratory to study
the feasibility of experimental thermal scale modeling has
been undertaken by Arthur D. Little Incorporated of
Cambridge, Massachusetts. The first phase of this con-
tract showed that it was possible to model a fin, heated
at one end and radiating to liquid nitrogen-cooled walls.
The fin was divided into two sections separated by a
simulated contact resistance (Refs. 9 and 10). In the sec-
ond phase, a more complicated prototype is being mod-
eled in two and three dimensional heat flow at 1/2 scale
and 1/5 scale (Ref. 11). These experiments seem to indi-
cate that the use of technique 1 provides satisfactory
results. A report on this contract will be made later.

In summary, it appears that there is no inherent theo-
retical reason why steady state conditions cannot be
successfully modeled for spacecraft. Obviously there is
much to be done in developing the experimental and
fabrication techniques, but no major technical break-
through is required. The inherent errors involved with
the technique recommended here are of the order of
normal experimental error. The modeling of transient
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conditions is less clear-cut; more compromise is required, = However, it appears that it will be possible to develop

and the inherent errors are larger due to feedback be-  a reasonable technique, though the effort involved will
tween errors in scaled time and errors in temperature.  be considerably greater than for the steady state.
NOMENCLATURE
A area of surface
A; s areaof A; which is visible from dA;
¢, specific heat
C thermal contact conductance
F;; thermal radiation configuration factor from surface i to surface j
k thermal conductivity
L length
g net heat input to a certain portion of the spacecraft
q” net heat flux
q”’ internal power generated per unit volume
r magnitude of the vector r between elemental areas dA; and dA;
R scale ratio, L,,/L,
S radiant flux from external source
t temperature
T absolute temperature
e thermal diffusivity
@, absorptivity of surface to external radiation spectrum
@;; absorptivity of surface i to radiation from surface §
¢ total hemispherical emissivity
p density
o Stefan-Boltzmann constant
7 time
¢ angle formed by r and the normal to the respective elemental area
®;; intensity of radiation from surface { incident on surface i
Subscripts:
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m and p refer to model and prototype respectively

t and 70 refer to temperatures of the material in degrees fahrenheit and to
the reference temperature, 70°F, respectively

Cu, Al and Ni refer to Copper, Aluminum and Nickel, respectively



